Abstract
showed non-response to rescue LMV-ADV combination therapy were collected sequentially at a time before the antiviral treatment and then during the LMV monotherapy, ADV monotherapy, and LMV-ADV combination therapy. For the genotypic analysis, the whole 1310-bp polymerase gene region was amplified, cloned and sequenced.
RESULTS:
All patients had been previously treated with 100 mg of LMV once daily for a 15-to 26-mo period. The emergence of resistance mutations to LMV, such as rtM204V/I and/or rtL180M, were found in all patients. Their antiviral regimens were switched to ADV monotherapy as the second line treatment. All patients had viral breakthrough or non-response after the LMV-ADV sequential monotherapy. ADV-resistant mutations were detected after 13 to 19 mo of LMV-ADV sequential monotherapy. The rtA181V/T mutations were predominantly identified during the ADV treatment in the LMV-resistant patients. Twenty-seven of 38 clones were combined with an amino acid change at rt181; three clones had mutations in rt236 and one clone had a combined mutation. The rtA181V/T mutations were not suppressed by the LMV-ADV combination therapy. Thirty-nine of 64 clones showed an rtA181V/T mutation and six clones showed combined mutations in rt181 and rt236. Mutations in rt204 re-emerged during the combination treatment. The rt181 and rt204 mutations did not co-exist in one clone.
CONCLUSION:
Add-on lamivudine therapy with adefovir for adefovir resistance may not suppress the pre-existing adefovir-resistant mutation that develops during lamivudine-adefovir sequential monotherapy.
INTRODUCTION
Chronic infection with hepatitis B virus (HBV) can result in cirrhosis and hepatocellular carcinoma. The ultimate goal of antiviral therapy for chronic hepatitis is to prevent its devastating complications of decompensated liver cirrhosis and hepatocellular carcinoma. In recent years, the treatment of chronic hepatitis B (CHB) has been improved by introducing nucleos(t)ide analogs (NAs) such as lamivudine (LMV), adefovir (ADV), entecavir (ETV), telbivudine (LDT), and tenofovir (TDF) [1] [2] [3] [4] [5] . However, drugresistant HBV mutants frequently arise during treatment with NAs, leading to treatment failure and progression to liver disease [6] . ADV, a phosphate acyclic nucleotide analog of adenosine monophosphate, is a potent inhibitor of HBV reverse transcriptase in the wild-type HBV, and in lamivudine-, telbivudine-, and entecavir-resistant mutants [7, 8] .
Switching to ADV has become the most widely-used option since the emergence of LMV-resistant mutations, especially in Asian countries [8] . The 5-year cumulative probability of genotypic resistance and viral breakthrough was 65.6% and 61.8%, respectively, in LMV-resistant CHB patients [3] . Unfortunately, ADV resistance occurs more frequently in the second-line treatment of lamivudine-resistant patients than in treatment-naive patients [4] . According to large-scale clinical studies of ADV, the rtA181V and rtN236T mutations associated with resistance to ADV were identified in the HBV DNA polymerase gene [5] . In vitro studies demonstrated that those two mutations decreased susceptibility to ADV by 4.3-to 23-fold [8, 9] . Other minor mutations resistant to ADV, such as rtS85A, rtT184S, rtQ215S, rtP237H, rtN238D, and rtM250L, have been reported, but the significance of these mutations is unclear [4, 10, 11] . In 2006, it was reported that a novel ADVresistant HBV variant rtI233V (substitution of isoleucine by valine) was reported to be a cause of primary resistance to ADV [12, 13] . Studies also showed that rtI233V was sensitive to TDF in vitro. However, this result was not confirmed in recent studies. To our knowledge, little is known about clonal analysis in patients who successively received LMV monotherapy, ADV monotherapy, and LMV-ADV combination therapy. We investigated the clonal evolution of genetic mutations in the HBV polymerase gene in nonresponders to LMV-ADV sequential monotherapy followed by LMV-ADV combination therapy.
MATERIALS AND METHODS

Patients
From January 2003 to July 2007, four adult chronic hepatitis B patients who showed non-response during LMV-ADV combination therapy were identified at Konkuk University Medical Center in Seoul, South Korea. All patients had undergone sequential monotherapy, first with LMV and then, after developing viral breakthrough, with ADV therapy. All of the patients had non-response or viral breakthrough after the LMV-ADV sequential monotherapy which resulted in the switching of their antiviral regimen to LMV-ADV combination therapy. The patients were then followed from when they were switched to an antiviral regimen. These patients gave written informed consent for the treatment of CHB and testing for antiviral resistance. Approval for this study was obtained from the Institutional Review Board at the Konkuk University Medical Center.
Before ADV plus LMV, the clinical and laboratory data of each patient were analyzed, including the quantification of serum HBV DNA levels. After the initiation of LMV-ADV combination therapy, clinical, biochemical, and virological parameters, such as aspartate aminotransferase, alanine aminotransferase (ALT), and serum HBV DNA levels, were monitored every month up to three months. A clinical diagnosis of liver cirrhosis was based on imaging findings, using methods such as abdominal computed tomography or magnetic resonance imaging, together with compatible clinical features such as esophageal varices or thrombocytopenia. The severity of liver cirrhosis was classified according to the ChildPugh score.
Definitions
Viral breakthrough was defined as a ≥ 1 log10 IU/mL increase in HBV DNA from the nadir on two consecutive occasions after an initial virologic response or an initial decline in HBV DNA by ≥ 1 log10 IU/mL. Non-response was defined as a decrease in serum HBV DNA ≤ 2 log10 IU/mL after at least 24 wk of therapy.
HBV DNA quantification
Serial samples were collected from each patient at the time of initiation of each antiviral agent, every three months during treatment and at the time of viral breakthrough and stored frozen at -80 ℃. The serum HBV DNA levels were quantified by real-time polymerase chain reaction, with a lower limit of detection of 2.6 log10copies/mL (approximately 400 copies/mL). The HBV DNA quantification was also performed before cloning and sequencing using the COBAS TaqMan HBV test (Roche Molecular Systems Inc, Pleasanton, CA, United States).
Detection of antiviral-resistant mutations
Using the stored serum samples, HBV DNA polymerase mutations were analyzed using a matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)-based genotyping assay, termed a restriction fragment mass polymorphism (RFMP; GeneMatrix, Yongin, South Korea) [14] . LMV-resistant mutations at rt180 or rt204, and ADV-resistant mutations at rt181 or rt236, were detected using this method.
Cloning of hepatitis B viral polymerase gene
For the genotypic analysis, the entire 1310-bp polymerase gene region was amplified, cloned, and sequenced. To analyze the complete sequence of HBV reverse transcriptase (RT) from four patients with resistant mutations during LMV-ADV combination therapy, we isolated HBV DNA from the patients' sera at the time of viral breakthrough during the antiviral therapy. DNA was extracted using a QIAamp MinElute virus spin kit (Valencia, CA, United States) according to the manufacturer's protocol. To generate HBV1.2mers harboring patient-derived RT mutations, we amplified the RT region of the HBV genome using the following primers: forward, 5'-AAT CTT CTC GAG GAC TGG GGA CCC TGC ACC-3' (the Xho Ⅰ site is underlined) and reverse, 5'-GAG CAG CCA TGG GAA GGA GGT GTA TTT CCG-3' (the Nco Ⅰsite is underlined) [15] . The purified products were digested with Xho Ⅰand Nco Ⅰ, after which the wild-type RT sequence of the HBV1.2mer was swapped for the patient-derived sequence. All clones were confirmed by sequencing.
RESULTS
Characteristics of the patients enrolled in this study
Four patients were included in this study. The age of the patients was between 39 and 58 years; all were men who had cirrhosis. All patients had been previously treated with 100 mg of LMV once daily for a 15-to 26-mo period. The emergence of resistant mutations to LMV, such as rt-M204V/I and/or rtL180M, was found in all patients. Their antiviral regimens were switched to ADV monotherapy (10 mg/d) as the second line treatment and no patient required a dose reduction. All patients had viral breakthrough or non-response after the LMV-ADV sequential monotherapy (Table 1) . ADV-resistant mutations, including rtA181V/ T or rtN236T, were detected after 13 to 19 mo of LMV-ADV sequential monotherapy. LMV was added to the ongoing ADV treatment as a salvage therapy.
Virologic response during lamivudine-adefovir combination therapy
The outcome of the LMV-ADV combination therapy in the patients with ADV resistance is demonstrated in Table 1. The duration of the combination therapy was 9 to 15 mo. Patient 1 had viral breakthrough after 26 mo of LMV monotherapy. LMV was stopped and the patient was switched to ADV. Non-response occurred after 18 mo of ADV monotherapy. Patient 2 experienced nonresponse after 16 mo of second-line ADV monotherapy. Patient 3 had viral breakthrough after 15 mo of LMV monotherapy. Non-response occurred after 19 mo of second-line ADV monotherapy. Patient 4 experienced non-response after 13 mo of second-line ADV monotherapy. One patient continued to receive LMV-ADV combination therapy and three patients were switched to TDF-LMV combination therapy as a salvage therapy.
Evolution of HBV polymerase mutations during antiviral treatment
Clonal analyses were performed in four patients harbor- ing antiviral resistant mutants at the time of viral breakthrough during the antiviral therapy. From eleven serum samples, we obtained and analyzed a total of 38 clones of the HBV polymerase gene during the ADV monotherapy and a total 64 of clones during the LMV-ADV combination therapy. The sequences were compared against the sequence from genotype C HBV (NCBI GenBank accession no. GQ872210), a wild type HBV genome isolated from the serum of a 25-year-old HBeAg-positive asymptomatic HBV carrier in our hospital. During the ADV monotherapy, 27 of 38 clones were combined with an amino acid change at rt181. Four clones had a single mutation at rt236, one of which showed an rtA181T + N236T double mutation. During the treatment period with LMV-ADV combination therapy, 39 of 64 clones showed an rtA181V/T mutation. The viral quasispecies evolved with the extension of the combination therapy, followed by LMV-ADV sequential monotherapy ( Figure 1) . In all patients, clonal analyses during the LMV-ADV combination therapy revealed the maintenance of the rtA181V/T mutant that emerged during the ADV monotherapy ( Figure 2 ). The combined mutation of rtA181V/T + N236T was detected in seven clones. The LMV-resistant mutation rtM204I reemerged in two clones. The combined LMV-resistant mutation rtM204I/V + L1801M was also detected in seven clones. However, the rt181 and rt204 mutations did not co-exist in the same clone.
The clinical course of four patients in whom the clonal analyses were performed during the antiviral treatment is illustrated in Figure 2 . In patient 1, the previously noted resistant mutations to LMV, rtM204I, and rtL180M were suppressed, but a resistant mutation to ADV, rtA181V, was detected after the second-line ADV monotherapy. That ADV-resistant mutation remained detectable after 4 mo of combination therapy and a resistant mutation to LMV, rtM204I, was also detected. In patient 2, a resistant mutation to LMV, rtM204V, was suppressed, but a resistant mutation to ADV, rtA181V/T, was detected after the LMV-ADV sequential monotherapy. After 3 mo of LMV-ADV combination therapy, a resistant mutation to ADV remained detectable. In patient 3, the previously noted resistant mutations to LMV, rtM204I and rtL180M were suppressed, but a resistant mutation to ADV, rtA181V/T, was detected after 18 mo of second-line ADV monotherapy. After 10 mo of LMV-ADV combination therapy, a resistant mutation to ADV, rtA181V, remained detectable. In patient 4, resistant mutations to LMV, rtM204V and rtL180M, were suppressed, but a resistant mutation to ADV, rtA181V, was detected after the LMV-ADV sequential monotherapy. After 13 mo of LMV-ADV combination therapy, a resistant mutation to ADV remained detectable, and a resistant mutation to LMV, rtM204I, was also detected.
DISCUSSION
Sequential NA monotherapy can promote the selection for multidrug-resistant HBV mutants, but little is known about the multidrug-resistant HBV based on clonal analysis. We analyzed the full-length genomic sequence of HBV polymerase in patients who successively received LMV monotherapy, ADV monotherapy, and LMV-ADV combination therapy. This study demonstrated that an ADV mutant, rtA181V/T, was not suppressed by LMV-ADV combination therapy.
Seven drugs are approved by the Food and Drug Administration in the United States for the treatment of HBV infection: interferon alpha, pegylated interferon a-2a, LMV, ADV, ETV, LDT, and TDF [1] . The treatment of chronic hepatitis B has been improved by the introduction of these NAs. However, drug-resistant HBV mutants frequently arise after the extended use of NAs, leading to treatment failure and progression to liver disease [16] . The drug resistant mutations selected with one agent may affect the efficacy of the other NAs [17] . Several major HBVevolutionary NA-resistance pathways have been characterized [17] . The rtM204V/I pathway is responsible for the resistance to the L-nucleosides, such as LMV, LDT, and ETV [17] . The rtN236T pathway is responsible for ADV and TDF resistance [17] . The rtA181T/V pathway is associated with resistance to LMV and ADV, and is a potential multidrug resistance pathway [17] . LMV resistance increases progressively over the course of treatment; 14%-32% of patients become resistant to the drug each year after the treatment is initiated, and more than 80% are resistant after 48 mo of treatment [6, 18] . The resistance to LMV was mediated primarily by mutations rtM204I/V ± rtL180M and rtA181T/V [6, 19] . Viral replication levels may be increased by compensatory mutations, such as rtL80V/I, rtI169T, rtV173L, rtT184S/G, rtS202I, and rtQ215S [6, [20] [21] [22] [23] . In treatment-naive patients, the cumulative percentage of patients who showed ADV resistance has been reported to be 0% in year 1, 3% in year 2, 11% in year 3, 18% in year 4, and 28% in year 5 [4] . The cumulative percentage of patients who showed ADV resistance after ADV monotherapy in the LMV-resistant patients has been reported to be 18% in year 1 and 25% in year 2 [4, 14] . The resistance to ADV was initially associated with the rtA181T/V and rtN236T substitutions [6, [24] [25] [26] . The rtN236T mutation does not significantly affect the sensitivity to LMV, LDT, or ETV, but does decrease the efficacy of TDF in vitro [6, 27] . The rtA181T mutation has been observed in patients who developed viral resistance to LMV or to ADV following LMV breakthrough [19, 28] . The other mutation, rtA181V, has been observed in patients who developed ADV resistance [4, 14, [29] [30] [31] . Villet et al [24] suggested that a single amino acid change at position rt181 induced cross-resistance to LMV and ADV. They also reported that the rtA181V/T substitution induced a decreased susceptibility not only to the L-nucleoside LMV, but also to the alkyl phosphonates ADV and TDF [6, 24] . According to a recently reported meta-analysis, the therapeutic potential of the combination of ADV with LMV is beneficial for treating LMV-resistant CHB patients with ADV-associated mutations [32] . Switching to ADV monotherapy has been widely used in CHB patients C with an LMV-resistant mutation in South Korea and has been reported to be cost-effective so far [3, 33] . However, LMV-ADV sequential monotherapy has led to the frequent development of ADV resistance [4, 5, 14] . Combination therapy has been a practical treatment modality for patients who had an ADV-resistant mutation after LMV-ADV sequential monotherapy because TDF was not available. However, to date, the best treatment option for those with ADV resistance has not been identified.
In the present study, we observed the emergence of mutants harboring the rtA181V/T mutation in patients who were treated with LMV during ADV monotherapy [4] . The emergence of the rtA181V/T mutant was associated with non-response or viral breakthrough during LMV-ADV sequential monotherapy and LMV-ADV combination therapy. We performed the RFMP assay to detect mutations resistant to antiviral agents. This assay enables better quantitative detection of mixed populations, but the result revealed the possibility of the presence of substitutions at other sites in the HBV reverse transcriptase. To analyze the complete sequence, we sequenced all of the clones.
In the present study, clonal analyses during LMV-ADV combination therapy revealed the maintenance of an rtA181V/T mutant that emerged during ADV 
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monotherapy. The LMV-resistant mutations rtM204I/ V and/or rtL180M reemerged during the LMV-ADV combination therapy. These results showed that LMV-ADV sequential monotherapy may induce the risk of the emergence of ADV-resistant strains in patients who were treated with LMV. Our observation also showed that add-on LMV therapy for ADV resistance might not suppress the pre-existing ADV-resistant mutation that emerged during the sequential treatment with ADV monotherapy for LMV resistance. This result was consistent with the study reported by Villet et al [24] , who showed that a single amino acid change at position rt181 might induce cross-resistance to LMV and ADV.
This study demonstrated that a poor response to LMV-ADV combination therapy did not always occur due to the co-localization of each drug resistance mutation in the same genome. Antiviral agents with a low or modest antiviral potency and low genetic barrier of resistance, such as LMV or ADV, may strengthen viral fitness while not being strong enough to suppress the drug mutation, and the combination of stronger drugs, such as ETV and TDF, with a high antiviral potency and high genetic barrier of resistance, would be more effective in the treatment of nonresponders to LMV-ADV sequential monotherapy. Viral fitness, defined as the ability to produce infectious progeny in a defined environment, was proposed to be one of the most important factors in the process of selecting resistant mutants [34] [35] [36] . We recently reported that TDF plus LMV is a useful therapeutic option for patients with resistance or non-response to ADV, particularly in patients with cirrhosis or who had previously received sequential LMV-ADV monotherapy. TDF-containing therapy was shown to result in a rapid viral load reduction, with HBV becoming undetectable in ADV-resistant patients. At three months, a viral load reduced to a level of 4 log10 copies/mL was achieved in all six patients (100%), and fell to below the limit of detection in three patients (50%) [37] . Our study has some limitations: the small number of patients and the variations in the initial HBV DNA levels. These limitations may make establishing this combination as an optimal rescue therapy for patients with ADV-resistant HBV difficult. To verify the efficacy and safety of this regimen, further large cohort studies are warranted.
In conclusion, sequential LMV and ADV monotherapy may favor the emergence of HBV variants with crossresistance to analogs of different chemical classes. The emergence of rtA181V/T with or without rtM204V/I resulted in viral breakthrough during ADV monotherapy and LMV-ADV combination treatment, as well as a poor response to ADV. Therefore, LMV-ADV combination therapy is not effective in patients with ADV-resistant mutations after LMV-ADV sequential monotherapy. This result may be attributed to an ADV mutation, rtA181V/ T, which is responsible for cross-resistance to LMV and ADV. Therefore, careful monitoring and more effective antiviral agents should be considered in chronic hepatitis B patients with multiple resistance mutations.
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Peer review
Combination therapy of lamivudine and adefovir has been widely used in lamivudine-resistant chronic hepatitis B. However, a molecular mechanism is not clearly known by which non-response to combination therapy occurs. This is an interesting study to demonstrate the clonal evolution of HBV drug-resistant mutations during sequential and combination therapy in lamivudine-resistant chronic hepatitis B.
